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We provide experimental evidence of quantum features in bi-partite states classified as entirely
classical according to a conventional criterion based on the Glauber P-function but possessing non-
zero Gaussian quantum discord. Their quantum nature is experimentally revealed by acting locally
on one part of the discordant state. Adding an environmental system purifying the state, we unveil
the flow of quantum correlations within a global pure system using the Koashi-Winter inequality.
We experimentally verify and investigate the counterintuitive effect of discord increase under the
action of local loss and link it to the entanglement with the environment. For a discordant state
generated by splitting a state in which the initial squeezing is destroyed by random displacements, we
demonstrate the recovery of entanglement highlighting the role of system-environment correlations.
As quantum information science develops towards
quantum information technology, the question of the
efficient use and optimization of resources becomes a
burning issue. So far, quantum information process-
ing (QIP) has been mostly thought of as entanglement-
enabled technology. Quantum cryptography is an excep-
tion, but even there the so-called effective entanglement
between the parties plays a decisive role [1, 2]. With
the advent of new quantum computation paradigms [3]
interest in more generic and even non-entangled QIP re-
sources has emerged [4]. Unlike entanglement, the new
resources, commonly dubbed as quantum correlations,
reside in all states which do not diagonalize in any local
product basis. While for pure states entanglement and
quantum correlations are equivalent notions, this is not
the case for mixed states. Quantumness of correlations
in separable mixed states is fundamentally related to the
non-commutativity of observables, non-orthogonality of
states and properties of quantum measurements, whereas
entanglement can be seen as a consequence of the quan-
tum superposition principle. Correlated mixed states are
a lucid illustration of the fact that the quantum-classical
divide is actually purpose-oriented and that such states,
long considered unsuitable for QIP, may become a ro-
bust and efficient quantum tool. This may change our
understanding of what the ultimate QIP resources are.
In what follows, we will use quantum discord [5] for
quantification of quantum correlations. For two systems
A and B, quantum discord is defined as the difference,
D←(AB) = I(AB)− J←(AB), (1)
between quantum mutual information I(AB) = S(A) +
S(B) − S(AB) encompassing all correlations present
in the system, and the one-way classical correlation
J←(AB) = S(A) − inf{Πˆi}H{Πˆi}(A|B), which is oper-
ationally related to the amount of perfect classical cor-
relations which can be extracted from the system [6].
Here, S is the von Neumann entropy of the respective
state, H{Πˆi}(A|B) is the conditional entropy with mea-
surement on B, and the infimum is taken over all possible
measurements {Πˆi}.
In this paper, we focus on quantum correlations in bi-
partite mixed Gaussian states relevant in the context of
continuous-variable quantum information [7]. The re-
spective correlation quantifier is then Gaussian quan-
tum discord [8, 9] defined by Eq. (1), where the min-
imization in J←(AB) is restricted to Gaussian mea-
surements. The Gaussian discord coincides with un-
restricted discord (1) for some states considered by us
[10, 11] which confirms the relevance of its use. All
non-product bi-partite Gaussian states have been shown
to have non-zero Gaussian discord [8, 12] but many of
them are termed classical according to the conventional
nonclassicality criterion. That is, their density matrix ρˆ
can be represented as a statistical mixture of two-mode
coherent states |α〉|β〉 with well behaved P-function,
ρˆ =
∫ ∫
C P(α, β)|α〉〈α| ⊗ |β〉〈β|d2αd2β [13]. Thus a wide
range of states, normally perceived as classical, exhibit
quantum correlations according to the Gaussian discord
and should be classified as quantum. Recurring exam-
ples of non-zero Gaussian discord in such seemingly clas-
sical states raised doubts whether Gaussian discord is
a legitimate measure. This apparent discrepancy was
discussed in [14]: the nonclassicality criteria can differ
in the quantum-optical realm and in information theory.
Therefore states classified as quantum in one context, can
appear classical in the other. We provide experimental
and theoretical evidence that the quantum nature of the
bi-partite mixed separable states is correctly captured by
non-zero Gaussian discord and this quantumness can be
revealed by acting merely locally on one part of the state.
Gaussian states are quantum states of systems in
infinitely-dimensional Hilbert space, e. g. light modes,
which possess a Gaussian-shaped Wigner function. Cor-
relations carried by a Gaussian state of two modes A
and B are thus completely characterized by the covari-
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FIG. 1: Experimental scheme. BS: beamsplitter, ρˆin: input
state prepared by Gaussian distributed modulation of coher-
ent or squeezed states, E (E′): environmental mode purifying
mixed state ρˆAB (ρˆA′B′), Λˆ: local operation on B.
ance matrix (CM) γ [15] with elements γij = 〈ξˆiξˆj +
ξˆj ξˆi〉− 2〈ξˆi〉〈ξˆj〉, where ξˆ = (xˆA, pˆA, xˆB , pˆB) is the vector
of quadratures. A Gaussian state with CM γ is
separable iff γ(TA) + iΩ ≥ 0 [16], where γ(TA) = LγLT
with L = diag(1,−1, 1, 1) and Ω = ⊕2j=1iσy, where σy is
the Pauli-y matrix. Gaussian discord carried by the state
can be determined from γ using the analytic formula de-
rived in [9, 11].
Discord increase under local loss. We prepare a coher-
ent or squeezed optical mode and add noise in the form
of Gaussian-distributed random displacements of the x-
quadrature. The optical mode is then in a classical state
given by a convex mixture of coherent states and is split
up on a beamsplitter as depicted in Fig. 1. The out-
put two-mode state after the BS with CM γcohAB (γ
sq
AB)
has a non-zero Gaussian discord despite being classical
according to the P-function criterion. These quantum
states exhibit notable robustness against noise and cou-
pling to environment. Indeed, as was first shown theoret-
ically for qubits [17–19], quantum correlations can even
emerge from a purely classically correlated state under
the action of a local noise. This work was then extended
to Gaussian states [20], and discord increase under local
loss has been experimentally demonstrated [21].
The experimental setup is shown in Fig. 1. The
coherent mode utilized in one of the experiments de-
scribed here stems directly from a femtosecond laser.
The squeezed state used in the other experiment is im-
plemented as a polarization squeezed beam generated
by exploiting the non-linear Kerr effect of a polariza-
tion maintaining fiber [22–24]. For practical reasons the
quantum states are encoded in polarization variables and
measured by a Stokes detection. Using intense light fields
the Stokes observable in the dark plane Sˆθ is associated
with xˆ and Sˆθ+pi/2 with pˆ [23]. The squeezed Stokes
observable is modulated by an electro-optical modula-
tor (EOM) at the sideband frequency of 18.2 MHz. This
is equivalent to a displacement in the dark plane of the
quantum states defined at this sideband frequency. Then
the mode is divided on a balanced beamsplitter (BS).
The modes are detected by Stokes measurements and the
signal is down-converted at the modulated sideband fre-
quency. The data taken for different displacements is
combined computationally to prepare a Gaussian mixed
two-mode state. The modulation patterns are chosen
such that the initial squeezing is destroyed and the state
ρˆAB is separable. The Stokes measurements allow the
determination of its complete CM.
Since quantum discord is related to the non-
commutativity of observables, it is often expected that
modulation in both conjugate quadratures is required
to see quantum behaviour. In contrast to all previous
discord experiments [21, 25, 26], to generate discord we
modulate the input coherent state only in one of the
conjugate quadratures, xˆin, keeping pˆin at the coherent-
state level, Vp = 2〈pˆ2in〉 = 1, where xˆin (pˆin) is the x(p)-
quadrature of mode “in”. The local loss is realized by
variable attenuation in mode B denoted as Λˆ in Fig. 1.
The highest discord in γcohA′B′ is achieved when the initial
mode is split on a balanced BS. Up to a certain attenu-
ation level D←(ρˆAB) grows monotonically with increas-
ing modulation depth, i.e., with Vx = 2〈xˆ2in〉, and finally
drops sharply. Gaussian states with CM γcohAB are convex
mixtures of non-orthogonal overcomplete coherent basis
states. The impossibility to deterministically discrimi-
nate between non-orthogonal states is a seminal example
of quantumness in separable bipartite states. Intuitively
the discord growth under the action of local loss can be
attributed to these non-orthogonal basis states becoming
less distinguishable with attenuation, although, as previ-
ous work shows [17–19], it is difficult to reduce the mech-
anism behind this effect to a simple single phenomenon.
The discord rises only very slowly with loss (Fig. 2, blue
dots and solid) as, in addition to its positive role, at-
tenuation renders the CM γcohA′B′ increasingly asymmetric
regarding A′ and B′ which supresses the discord growth.
The gradient in discord can be substantially increased by
using an asymmetric BS when splitting the “in” mode,
such that most of the input beam is reflected into the at-
tenuated mode B (Fig. 2, red dot-dashed). One can ob-
tain the same effect by using the balanced BS and adding
asymmetric noise to the CM γcohA′B′ , which reflects a lim-
ited balancing of the homodyne detectors [21].
Although the quantum effects are observed already
when a single quadrature is modulated, displacement in
both non-commuting variables does play an important
role. Fig. 2 (green dashed) shows the discord increase
with attenuation for the input state equally modulated in
both quadratures and for the asymmetric BS. There is an
obvious advantage in value and gradient of discord. Inci-
dentally, these dynamics correspond to the measurement
results presented in [21], where the additional “noise”
(imitating scenario with an asymmetric BS) stems from
the imperfections in the detection system.
To get a good agreement of theory and experiment
(blue dots and solid in Fig. 2) we had to include imperfect
common mode rejection (CMR) in homodyne detection
into our theory model. Similar to [21] we model the im-
perfection by addition of an uncorrelated noise in modes
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FIG. 2: (color online). Quantum discord D←(ρˆAB) versus
attenuation in mode B for modulated coherent state. Theory
curve (solid blue) and experiment (blue dots) for modulation
in x-quadrature, Vx = 7.1, Vp = 1 and T
2 = 0.5. Theory
curves for the same input state and T 2 = 0.121 (red dot-
dashed) and for modulation in both quadratures, Vx = Vp =
7.1, and T 2 = 0.086 (green dashed).
A′ and B′ which decreases linearly with attenuation in
mode B′. An even better fit can be achieved without the
additional noise, only by using a highly unbalanced BS.
There are several important messages here. First, the
largest effect of quantum discord increase under local loss
is obtained when the output state is symmetrized with
respect to quantum uncertainties in modes A′ and B′.
In our case this is achieved by using the asymmetric
BS, with the optimal ratio determined by the form of
the “in” CM (cf. red dot-dashed and blue solid theory
curves, Fig. 2). Notably, losses can be turned into posi-
tive control mechanism when using discord as a resource.
For example, in case of imperfect CMR modelled by the
asymmetric BS, initial discord is lower (red dot-dashed),
which, however, can be counteracted by including atten-
uation in B so that this additional loss closes the gap
between the discord values for the asymmetric and sym-
metric BS. The effect is even more pronounced for the ini-
tial state symmetrically modulated in both quadratures
(green dashed), and enhances further when the modula-
tion in both quadratures gets higher (Fig. 3, cf. green-
dashed and blue solid curves). Finally, modulation in
both incompatible observables is advantageous but not
always a prerequisite. As a future work, more rigorous
analysis is required to identify the role of both conjugate
variables.
It is interesting to explore whether using a quantum
resource initially can bring an advantage. In contrast
to [21], the input mixed state in Fig. 3 is created by
displacing a squeezed state with approximately −3 dB
squeezing. Although we still displace the state only along
the x axis, it is naturally blurred also in p-quadrature
due to the anti-squeezing and the additional phase noise
coming from the propagation in the fiber. This gives an
extremely large p-quadrature variance, Vp = 38.4. For
the discord increase, the only advantage is through these
large input variances, irrespective of the quantumness ini-
tially present (Fig. 3). However, this initial quantumness
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FIG. 3: (color online). Quantum discord versus attenua-
tion in mode B for modulated squeezed state. Theory curve
(blue solid) and experiment (blue dots) for modulation in x-
quadrature, Vx = 9.84, Vp = 38.4 and T
2 = 0.5. Theory
curves: for the same input and T 2 = 0.118 (red dot-dashed);
for Vx = Vp = 38.4 and T
2 = 0.086 (green dashed); for
Vx = Vp = 9.84 and T
2 = 0.103 (purple dotted).
does carry a potential to enrich the resultant discordant
state. For example, entanglement which would emerge
after the BS if no displacement is performed, can still be
recovered and used, as we show in the last section.
System-environment correlations provide another con-
trol mechanism when using correlated mixed states and
give a deeper insight into the quantum effects related to
non-zero discord. Assume, there is a third mode E car-
rying maximum information about the state ρˆAB , that
might be imprinted onto the environment (Fig. 1). The
global state of the system is then the purification |ψ〉ABE
of ρˆAB , TrE(|ψ〉ABE〈ψ|) = ρˆAB . The initial purification
before the BS is a locally squeezed two-mode squeezed
vacuum state |ψ〉AE . Note that the purification for any
discordant state is entangled across the E − (AB) split-
ting, which already links discord and entanglement with
the environment. To analyze further the flow of correla-
tions in a global system |ψ〉ABE , we apply the Koashi-
Winter relation [27]
S (A) = EF (AE) + J← (AB) , (2)
which connects the marginal entropy S (A), one-way clas-
sical correlation J← (AB) and entanglement of forma-
tion (EoF) EF (AE). The classical correlation J← (AB)
is directly linked to discord (see Eq. 1).
In our scheme (Fig. 1), both mutual information and clas-
sical correlation in the discord definition decrease with
attenuation, but at different rates resulting in an overall
discord increase. As the marginal entropy of A remains
unchanged under attenuation in mode B, for the relation,
S (A) = EF (A′E′) + J← (A′B′) to hold the decrease in
classical correlation J← (A′B′) has to be accompanied
by increase in EF (A′E′) between the unmeasured mode
A′ and the environment.
4The results for the flow of correlations are presented
in Fig. 4 for the input states used in Fig. 3. For com-
puting the EoF of a general Gaussian state ρˆAE we used
the technique of Ref. [28]. As clearly seen, the growth
of discord relates to the increasing EoF with the envi-
ronment. Fig. 4 also witnesses that the Koashi-Winter
relation holds for this type of Gaussian states. For the
experimentally measured case of Fig. 3, the rising entan-
glement with environment and decreasing classical cor-
relation between the system modes A and B add up
to the constant marginal entropy S (A). We have also
verified that if a measurement is performed on mode
A, discord always decreases, as does entanglement with
environment EF (A′E′). In the qubit case, the role of
system-environment correlations is particularly eloquent
and increase in discord in both cases can be enacted by
performing the entangling operation on A and some en-
vironmental mode, instead of locally attenuating B [29].
Recently, a further experiment has been proposed link-
ing the open-system dynamics of entanglement to corre-
lations with environment and discord [30].
Entanglement recovery. Consider now the state ρˆAB
prepared from a state with −3 dB of squeezing in
x-quadrature using Gaussian modulation in the same
quadrature. The measured CM reads
γsqAB =
 5.42 0.23 4.06 0.040.23 19.28 0.45 17.294.06 0.45 4.73 0.55
0.04 17.29 0.55 17.70
 , (3)
where the measurement errors are given in [11]. The
local CMs are not squeezed which verifies that the dis-
placements in the direction of squeezing destroyed the
squeezing [31, 32]. The state of modes A and B is then
inevitably separable [33] as witnessed by the nonnegativ-
ity of the minimal eigenvalue min{eig[(γsqAB)(TA) + iΩ]} =
0.84±0.02. However the state contains quantum correla-
tions as evidenced by D←(AB) = 0.49±0.01. The corre-
lations originate from two sources. First, the random dis-
placement x¯ of the x-quadrature of the input mode “in”
yields quantum correlations between separable modes A
and B exactly as in the case of coherent initial state.
Secondly, the initial squeezing of mode “in” would alone
create entanglement between A and B.
Interestingly, there exists a scenario, in which correla-
tions of the system (AB) with a separable environmental
mode E˜ allow to eliminate the displacement noise and
recover this entanglement between A and B. Note, that
mode E˜ is not purifying. Preparation of the state with
CM (3) by splitting a randomly displaced squeezed input
mode “in” on BS is in fact the preparation of the two-
mode reduced state in the entanglement sharing protocol
[34]. Imagine that like in the protocol, the x-quadrature
of E˜ encodes the random displacement x¯ as xE˜ − x¯. In
contrast to the previously considered purifying mode E,
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FIG. 4: Flow of quantum correlations in the global state
|ψ〉ABE for the states shown in Fig. 3. Classical correlation
(solid blue curve), marginal entropy (solid black line), system-
environment EoF for Vx = 9.84, Vp = 38.4 and T
2 = 0.5 (solid
red curve). System-environment EoF for same input state and
T 2 = 0.118 (green dashed); for the symmetric input state
Vx = Vp = 38.4 and T
2 = 0.086 (orange dot-dashed).
mode E˜ has been created by local operations and classical
communication (LOCC) and hence it is separable from
the subsystem. Next, as in [34], mode B is transmitted
to the location of mode E˜ where the modes are superim-
posed on a beamsplitter BSBE˜ . As a consequence, the
noise caused by the random displacements is partially
cancelled and the entanglement between modes A and B
is restored as desired.
This entanglement recovery reveals two important
facts about quantum correlations in the global system
(ABE˜). First, it demonstrates that there must exist
entanglement across the A − (BE˜) splitting before the
beamsplitter BSBE˜ as otherwise it could not create en-
tanglement between modes A and B. Second, it is a
proof that mode B shares quantum correlations with the
subsytem (AE˜) and therefore realizes a true quantum
communication between the locations of modes A and
E˜, which cannot be replaced by LOCC. Indeed, if mode
B was only classically correlated with subsystem (AE˜),
it would be possible to replace its transmission by a mea-
surement of its state (which does not disturb the global
state), followed by recreation of the state in the location
of mode E˜. This is, however, an LOCC operation which
cannot establish entanglement across A−(BE˜) splitting.
Instead of physically imprinting a displacement on the
third quantum mode E˜ and interfering the mode with
mode B on a beamsplitter, we have superimposed mode
B with vacuum mode E˜ on a beamsplitter and im-
plemented equivalent displacement electronically on the
measured data. This gives us a violation of Duan’s sep-
arability criterion [11, 35–37] 0.91± 0.01 < 1, which cer-
tifies entanglement between A and B.
If we have access to the displacement x¯ encoded on
mode E˜, entanglement between modes A and B can be
recovered by directly performing the reverse displace-
ment on mode B to cancel the modulation. By executing
this computationally, we got a violation of Duan’s sepa-
5rability criterion of 0.83±0.01 < 1 proving that modes A′
and B′ after demodulation are entangled (see [11] for de-
tails). The fact that the entanglement can also be recov-
ered by imprinting the available information about the
state preparation directly locally on mode B features the
important role the communication of classical informa-
tion can play in quantum communication, in particular
when using separable discordant states (cf. [38]).
In summary, we have demonstrated the role and utility
of system-environment correlations in discord dynamics
and provided new insights into discord increase under
dissipation and quantumness of these correlations.
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6Appendix A: Quantumness of Gaussian Discord
Supplementary Information
1. Gaussian Quantum Discord
a. Standard Form Covariance Matrix
Using local symplectic transformations, every covari-
ance matrix (CM) describing a bipartite state can be
expressed in standard form [1]:
γ =
(
α δ
δT β
)
=
 a 0 c+ 00 a 0 c−c+ 0 b 0
0 c− 0 b
 . (A1)
From this standard form we may define local invariants
such as the seralian, defined as the sum of the deter-
minants of the four subblocks ∆ = a2 + b2 + 2c+c−.
The seralian in turn can be used to define the symplectic
eigenvalues [2] of the CM as
ν± =
√
∆±
√
∆2 − 4detγ
2
. (A2)
b. Definition
The Gaussian quantum discord using Gaussian mea-
surements and von Neumann entropies was put forward
by Adesso et al. in [3], stating that
D←AB = f
(√
B
)
−f(ν−)−f(ν+) + inf
σ0
f
(√
det 
)
(A3)
where ν± are the symplectic eigenvalues of the two-mode
CM for modes A and B and f(x) =
(
x+1
2
)
ln
(
x+1
2
) −(
x−1
2
)
ln
(
x−1
2
)
. The optimal determinant of the CM ε of
the post-measurement state, infdetε, is given by
inf
σ0
det  =

2C2+(B−1)(D−A)+2|C|
√
C2+(B−1)(D−A)
(B−1)2
if (D −AB)2 ≤ (1 +B)C2 (A+D) ,
AB−C2+D−
√
C4+(D−AB)2−2C2(AB+D)
2B
Otherwise.
(A4)
where A = detα, B = detβ, C = det δ and D = det γ.
The term infσ0f(
√
detε) represents optimized average of
von Neumann entropies of states of mode A conditioned
on the outcomes of a Gaussian measurement with CM
σ0 on mode B. The separate scenarios refer to different
types of Gaussian measurements, a notable class of states
falling under the first case are squeezed thermal states
for which the conditional measurement is minimized by
heterodyne measurements, the second case corresponds
to homodyne measurements. Note that the directionality
of the arrows in the above indicates on which subsystem
a measurement has been performed, in the present case
a measurement is performed on subsystem B.
Quantum discord quantifies quantum correlations in a
quantum state ρAB as an amount of information about
a quantum system A which cannot be extracted by per-
forming the best measurement on system B [4], which
gains the maximum information about A. In this paper,
we quantify quantum correlations by means of the Gaus-
sian discord [4] for which the best measurement is always
picked from the set of Gaussian measurements. One may
argue then, that a more relevant quantifier of quantum
correlations would be the more general quantum discord
admitting also non-Gaussian measurements, which can
in principle extract strictly more information than any
Gaussian measurement. Needless to say, this can really
be the case for some two-mode Gaussian states, including
states obtained by splitting a modulated coherent state
on a beam splitter, which we consider here. Nevertheless,
a recent result of Ref. [5] reveals, that for the other class
of states considered here, which are prepared by splitting
a modulated squeezed state, out of all possible measure-
ments (including non-Gaussian ones) the best measure-
ment is always Gaussian. This implies that Gaussian dis-
cord coincides with discord for these states, which speaks
in favor of the present use of the discord (A3) as a rele-
vant quantifier of quantum correlations.
Moving to the proof of the optimality of Gaussian mea-
surements for the latter states, we start by writing down
their CM as
γAB =
1
2
(
γin + 1 γin − 1
γin − 1 γin + 1
)
, (A5)
where γin = diag(Vx, Vp) and 1 is the 2× 2 identity ma-
trix. We assume that the state with CM γin has been
prepared by Gaussian distributed random displacement
of the quadrature x of a squeezed state with squeezing in
the quadrature x and large antisqueezing in quadrature
p, and hence Vp > Vx > 1. By means of local squeez-
ing transformations we can bring the CM (A5) to the
standard form (A1) with
a = b =
√
(Vx + 1)(Vp + 1)
2
, c+ =
√
Vp + 1
Vx + 1
(
Vx − 1
2
)
,
c− =
√
Vx + 1
Vp + 1
(
Vp − 1
2
)
. (A6)
In Ref. [5] the optimality of Gaussian measurement was
proven for all two-mode Gaussian states ρAB , which can
be decomposed as
ρAB = [SA(ξ)EAS −1A (r)⊗ IB ](ρTMSVAB ). (A7)
Here, ρTMSVAB is the two-mode squeezed vacuum state
with CM
γTMSVAB =
(
m1
√
m2 − 1σz√
m2 − 1σz m1
)
(A8)
7and E is a single-mode Gaussian channel, which acts on
a single-mode CM Γ as Γ′ = XδXT + Y , where X =√|τ |diag[1, sign(τ)] and Y = η1 . Further, S (r) and
S (ξ) are single-mode squeezing operations, which are
represented at the level of CM by the diagonal matrix
S(t) = diag(t
1
2 , t−
1
2 ), t = r, ξ, where
ξ = r
θ(r−1)
θ(r)
, θ(r) ≡
√
ηr + |τ |m, (A9)
is chosen such that the state (A7) has CM in the standard
form (A1). Finally, the parameters τ , η, r and m must
satisfy conditions
τ ∈ R, η ≥ |1− τ |, r ∈ [m−1,m]. (A10)
By expressing the CM of the state (A7) using Eqs. (A8)
and (A9) we get the elements of the standard-form CM
(A1) for states for which the Gaussian discord is optimal
[5],
a = θ(r)θ(r−1), c+ =
√
|τ |(m2 − 1)θ(r
−1)
θ(r)
,
c− = −sign(τ)
√
|τ |(m2 − 1) θ(r)
θ(r−1)
. (A11)
Let us now show that under certain condition on Vx which
is satisfied in the present case, one can really express
the standard-form elements (A6) as in Eq. (A11) while
fulfilling conditions (A10). Indeed, by equating right-
hand sides of Eqs. (A6) and (A11) and expressing m, τ, η
and r via Vx and Vp, one finds after some algebra that
m = a,
τ = − (Vx − 1)(Vp − 1)
(Vx + 1)(Vp + 1)− 4 , η =
2(VxVp − 1)
(Vx + 1)(Vp + 1)− 4 ,
r =
√
Vx + 1
Vp + 1
(
Vp − 1
Vx − 1
)
. (A12)
First, τ is real and therefore the first of conditions (A10)
is satisfied. Second, because η = 1 − τ the second
condition in (A10) is fulfilled and the channel EA in
the decomposition (A7) is the phase-conjugating channel
which can be realized by the two-mode squeezer where
we take idler mode as an output. Third, as we can write
r = m−1(Vx+1)(Vp−1)/[2(Vx−1)], one gets immediately
using inequalities Vx > 1 and Vp > Vx that r > m
−1.
Finally, we also have r = 2m(Vp − 1)/[(Vx − 1)(Vp + 1)]
which gives r ≤ m provided that 3−4/(Vp+1) ≤ Vx. The
left-hand side of the latter inequality is a monotonically
increasing function of Vp which approaches the maximum
value of 3 in the limit of infinitely large Vp. Therefore, for
states with a sufficiently large modulation in the quadra-
ture x such that Vx ≥ 3 also the third condition (A10) is
fulfilled. In the present paper we consider strongly mod-
ulated squeezed states which reliably satisfy the latter
inequality as can be easily seen by inspection of the CM
in Eq. (3) of the main paper, which concludes our proof
of optimality of Gaussian discord.
2. Experimental Setup
In Fig. 5, the experimental setup is depicted. The de-
scription of the general ideas and functionality of the
experiment can be found in the main text of the paper.
Here, we want to give additional information about the
details of the practical implementation.
We use a soliton laser with a pulse length of ∼200 fs at a
center wavelength of 1559 nm (repetition rate: 80 MHz).
For the preparation of the squeezed states, the non-linear
Kerr effect of a polarization maintaining fiber (FS-PM-
7811, Thorlabs, 13 m) is exploited to generate polariza-
tion squeezing [6–9]. The squeezed Stokes observable is
modulated by an electro-optical modulator (EOM). The
applied sinusoidal voltage Vmod generates a sideband at
18.2 MHz. The modulated Stokes observable Sˆθ has to
be adjusted by a half-wave plate in front of the EOM. To
compensate for the stationary birefringence of the EOM,
we use a quarter-wave plate.
The such prepared mode is then divided on a 50:50 beam-
splitter into the two modes A and B. The mode B under-
goes a variable attenuation. We then measure the Stokes
observables of the two modes by means of the two mea-
surement setups consisting of a rotatable half-wave plate,
a Wollaston prism and the difference signal of a pair of
PIN photodiode detectors. These Stokes measurements
are used to determine the complete covariance matrix
by measuring all possible combinations of the squeezed
and antisqueezed Stokes variables. The determination
of the correlations of squeezed and antisqueezed Stokes
observable within one mode is carried out by means of
a measurement of the linear combination of these. We
thus measure five pairs of observables: (SˆA′,0◦ , SˆB′,0◦),
(SˆA′,90◦ , SˆB′,0◦), (SˆA′,0◦ , SˆB′,90◦), (SˆA′,90◦ , SˆB′,90◦) and
(SˆA′,45◦ , SˆB′,45◦).
The photo-current of the Stokes measurement is down-
mixed with an electric local oscillator provided by a func-
tion generator. It is the same electric sinusoidal signal
with a frequency of 18.2 MHz as the voltage applied to
the EOM. We measure the displacement of the quantum
state defined at the sideband frequency of 18.2 MHz.
The amplified, down-mixed signal is low pass filtered
with 2.5 MHz, sampled by an analog-to-digital converter
with 10 Msamples/s and digitally averaged with 10 sam-
ples. Differently displaced modes are obtained by choos-
ing different voltage amplitudes. A Gaussian mixed state
is generated by combining this data appropriately on the
computer, which is possible because of the ergodicity of
the problem. The demodulation for the entanglement
recovery is performed computationally as well.
8A Aw
Bw
polarization
squeezer.
EOM
50:50.BS
variable.attenuator
function.
generator18.2.MHz
B
data
processing
WSHWP
HWP QWP
WSHWP
down9mixing
amplification
AD.sampling
ultrashort.
pulse.laser
λ:.1559nm
FIG. 5: Experimental setup. HWP: half-wave plate, EOM:
electro-optical modulator, QWP: quarter-wave plate, BS:
beamsplitter, WS: Wollaston prism
3. Imperfections
a. Experimental Errors
There are two main sources of experimental errors.
First, there is a statistical error in the measurement of
the Stokes observables performed for the determination
of the covariance matrices and Duan’s separability cri-
terion. Second, the shot noise calibration is of limited
accuracy. To analyze these errors, the results of the mea-
surements performed on pure coherent states are com-
pared to the theoretical expectations. The information
about their discrepancy is used to estimate the error in
the further determined values, for example the quantum
discord, via a Monte-Carlo simulation. All errors given
explicitly in the main text or shown as error bars in the
plots, reflect both the error in the calibration as well as
the above mentioned statistical error. The error for the
covariance matrix given in Eq. 3 of the main text was
estimated to be 0.05 0.02 0.03 0.010.02 0.17 0.01 0.150.03 0.01 0.04 0.02
0.01 0.15 0.02 0.16
 . (A13)
We must assume that an additional systematic error is
present due to further imperfections in the measurement
system, as well as due to the modulation performed by
the EOM and drifts in the setup over the long measure-
ment times. As a result, the elements of the covariance
matrix deviate from what we would expect theoretically.
This also applies to the eigenvalues of the covariance ma-
trices. Both for the states originating from initially co-
herent modes and from modulated squeezed state, we
found the lowest eigenvalues less than 1 which would in-
dicate weak global squeezing in the two-mode state after
the BS (see Ref. [31] in the main text). But the state
prepared by displacing coherent states is separable by
construction. Moreover, also the squeezing in the mixed
state prepared from squeezed modes is reliably destroyed
due to the amount of imprinted modulation. Thus, the
eigenvalue lower than 1 is clearly an artifact of a system-
atic error present in the setup. This is a common problem
of the experimental reconstruction of covariance matri-
ces [10].
b. Common Mode Rejection
Imperfect common mode rejection (CMR) in our ho-
modyne detectors is modeled, similar as in [11], as an
addition of a CM γCMRA′B′ to the CM γA′B′ of the mea-
sured state,
γA′B′ = γ
0
A′B′ + γ
CMR
A′B′ (A14)
where γ0A′B′ is the theoretical model taking into account
all other previously mentioned losses and imperfections
i.e., BS ratio and attenuation. The CMR addition γCMRA′B′
is of the form
γCMRA′B′ =
a 0 0 00 a 0 00 0 τ2a 0
0 0 0 τ2a
 , τ2 + ρ2 = 1, (A15)
with τ the transmittivity of a variable beamsplitter de-
picted as Λˆ in Fig. 1 and a is the additional variance
caused by the imperfect common mode rejection and was
used as free parameter in the fit. The initial variance in-
troduced by CMR on modes A and B corresponds to
a = 3.9× 10−3 and a = 0.047, for coherent and squeezed
input states respectively. Note that before any local loss
is introduced there is an equal level of imperfect CMR in
both modes. With increasing dissipation in mode B the
noise due to CMR will decrease linearly.
4. Entanglement recovery and Duan’s Separability
Criterion
When using the randomly displaced squeezed states as
an input in Fig. 1, the initial nonclassicality is not ir-
reversibly lost. For example, entanglement which would
emerge after the BS if no displacement is performed, can
still be recovered. If we have access to the displacement
x¯ encoded on mode E˜, entanglement between modes A
andB can be recovered by directly performing the reverse
displacement on mode B to cancel the modulation. Ini-
tially we have a pure squeezed state A with quadratures
xˆA = e
−rxˆ(0)A , pˆA = e
rpˆ
(0)
A , and mode B in a vacuum
state with quadratures xˆB = xˆ
(0)
B , pˆB = pˆ
(0)
B , r being the
squeezing parameter. Random Gaussian displacements
x¯ are applied to the x quadrature of mode A such that:
xˆA → xˆA + x¯ (A16)
After undergoing a beamsplitter transformation the re-
sulting output quadratures are
xˆ′A = T xˆA +RxˆB + T x¯, pˆ
′
A = T pˆA +RpˆB ,
xˆ′B = RxˆA − T xˆB +Rx¯, pˆ′B = RpˆA − T pˆB .
(A17)
The demodulation required for entanglement recovery
can be found using the product inseparability criterion
[12, 13]:
〈(gxˆ′A + xˆ′B)2〉〈(gpˆ′A − pˆ′B)2〉 <
1
4
(g2 + 1)2. (A18)
9The operators on the left-hand side read as
gxˆ′A + xˆ
′
B = xˆA(gT +R) + xˆB(gR− T ) + x¯(gT +R),
gpˆ′A − pˆ′B = pˆA(gT −R) + pˆB(gR+ T ).
(A19)
Hence the general demodulation to be applied to mode
B is of the form
xˆ′′B → xˆ′B − (gT +R)x¯, (A20)
which gives,
gxˆ′A + xˆ
′
B = xˆA(gT +R) + xˆB(gR− T ). (A21)
Rearranging Eq.(A18) and using Eq.(A19) we get:
[e2r(gT −R)2 + (gR+ T )2][e−2r(gT +R)2 + (gR− T )2]
(g2 + 1)2
< 1. (A22)
In the ideal case of a 50:50 beamsplitter T = R = 1√
2
the
left-hand side of the inequality (A22) is minimised if the
gain g = 1. Therefore
e−2r < 1, ∀ r > 0, (A23)
and thus entanglement is recovered for any r > 0.
In this ideal case the demodulation (A20) to be applied
to mode B is given by
xˆ′′B →= xˆ′B −
√
2x¯. (A24)
Hence the prefactor in the ideal case is −√2.
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